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SUMMARY

An investigationhas been made to determine the underlying
causes of the undesirable longitudinal characteristicsof a 45°
swept-forward wing in the moderate and high lift+mef ficient range.
Three-component force data, pressure-distributiondata, tuft studies,
and boundary-layer measurements were obtained to eneble a detailed
correlationbetween seperation phenomena and the longitudinal charac-
teristics of the swept-forwardwing.

In the moderate lift range, the occurrence of turbulent sepa-
ration caused a chordwise redistribution of load over the inboard
sections. This, in turn, caused increases in drag and a reerwerd
shift of aerodynamic center but caused no loss of lift. In the high
lift range, the occurrence of leading+dge separation caused a loss
of section lift that occurred first over the inboard sections and
traveled outward as angle of attack was increased. This caused very
lerge ticreases in drag, a decreased lift-curve slope, and, due to,
the chenges in spanwise load~, caused an extremely large forwerd
shift of aerodynamic center.

In order to improve the longitudinal characteristicsof the
swept-forwardwing, both forms of separation must be postponed. The
evidence indicates that effort should be directed first toward post-
poning leading-edge separation. Only after leading-edge separation
is adequately postponed should control of the turbulent boundary
layer be attempted.

\

INTRODUCTION

One of the most difficult problems connected with the design of
an airplane employing swept wings is the improvement of the poor

,
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characteristicsof swept w5ngs in the moderate and high lift-
coefficient range. These poor characteristicsare partially due to
the effects of sweep on the potential-flow field and partially due
to the occurrence of separation over the wing. The potential-flow
effects sre sufficientlywelJ.understood and accurate methods of
prediction are available (reference 1); consequently,they will.not
be discussed further herein. The effects of flow separation, on the
other hand, are only superficiallyMown smd the mechanism of flow
separation is quite obscure. Large increases of drag, sudden and
large fore and aft shifts of the aerodynamic center, decreases in
lift-curve slope, and.eventually, of course, establishment of maximum
lift coefficienthave sllbeen rather generally known to be effects of
separation. These effects, furthermore, are manifested at relatively
low lift coefficients (sometimes in the lower half of the lift- ~
coefficientrange) and thus assume even greater importance than
correspondingeffects on straight whgs (wings with no sweep) where
separation is not experienced to any appreciable extent until
maximum lift is reached.

To properly approach the problems involved in alleviating the
effects of separation, detailed information of the effects of sepa-
ration is necessary. To obtain this information, a large+cale 45°
swept-forwardwhg was tested in the Ames -by &l-foot wind tunnel.
This report presents the results of force and pressure-distribution
measurements, tuft studies, sad boundary-lsyer measurements made to
enable a detailed correlationbetween separation phenomena and the
longitudinal.characteristicsof the swep+forward wing.

coEFFIcms AND SYMBOIS

The data are presented in the form of standard NACA coefficients
and symbols as defined tithe followhg tabulation:

c= ()lil% coefficient ~

%
()

drag
drag coefficient —

qs

1

cm pitching+noment coefficient computed about the quarte~hord

point of the mean aerodynamic chord
(’ -

itc moment
qs~ )
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I
,.

(f
tLcsection lift coefficient c Pdxcos a-:

J
Pdz sin a

o 0 )

center of pressure of section nod force, measured in percent
chord aft of the lead~ edge

()Plapressure coefficient
7

free-stream static pressure, pounds per squsre foot

‘local static pressure, pounds per squsre foot

free-stream dynamic pressure, pounds per square foot

@ of attack, degrees

wing mea, squere feet

whg span, feet b/2

()

J
C%y

mean aerodynamic chord o

J’

b/2
C dy

local chord, feet o

maximum thiclmess of local.section, feet

spanwise coordin&e perpendicular to plane of symmet~, feet

chordwise coordinate parallel to plane of synmetry, feet

vertical coordinate to airfoil contour perpendicular to chord
Mne, feet

@e of sweep

boundsry-layer

to the quarter-chord line, degrees

thickness, feet

MODEL

The geometric characteristicsand dimensions of the swept-
forward w-~ we shown h figure 1. The wing had 45° of swe6pforward
of the qu,s.rter+hordlfi, ~ aspect ratio of 3.5, a taper ratio of

. . .-— ..— — -—-— —. ——---- —.— .-..._ ,____ __ ~.—— ___ ._ ___ . . _
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0.5, no twist, and no dihedral.- The wing had an NACA
(table I) perpendicular to the quarter-chordline. A
the wing mounted in the tunnel is shown in figure 2.

NACA TN NO. 1797

64JIIJ2section
photograph of

The pressure orifices were ‘positionedover the upper and lower
surfaces of streamwise sections which were located at eight spanwise
positions vaz@ng from 20.~to 96.2~ercent semispan. TIE spanwise
and chordtise positions of the orifices are listed in table II.

Swveys of the boundary layer were made by means of rakes
attached to the wing surface. A typical rake used is shown in
figure 3. The rakes consisted of a bank’of total+ead tubes para12el
to the axis of the rake and two banks placed at an emgle of 63° to
the axis. The lnibesparalJ.elto the axis of the rake were used to
measure the total-head variation through the boundary layer. The
tubes at a angle to the axis were used to determine the variation
of flow angle through the boundary layer.

TESTS AND RESULTS

I?orceand pressure+iistributionmeasurements, tuft studies, end
boundary-layer measurements were made through an angle-of+ttack
range at zero sideslip. Data were obtained at Reynolds numbers from
6.9 x l@ to 14 x l& (based on the meen aerodynamic chord length of
10.41 ft). Hdever, since these data indicated no appreciable
Reynolds nwiber effect, particularly within the purpose of this “
re~ort, only the data obtatid at a-Reynolds number-of 9.7 X l@ ( a

tunnel speed of approximately 100 mph) are presented.

Standar& tunnel+will corrections for a straight w- of the
same area and span as the swept-forwerdwing have been applied to
angle-of-attackand drag+oeff icient data. This procedwe was
followed, since a brief analysis indicated that tunnel-waJJ_correc-
tions were approximatelythe sams for straight and swept wings of
the size under consideration. The corrections applied are as
f01.lows:

~ = 0.74 CL

A% = O●013 CL=

The data were corrected for drag tares. Pitching+noment tsres
were not applied, since thsy were not known with sufficient accwac y
to warrant application. The pitching+noment tsres are felt to be
quite small, however, and should not appreciably affect the results.

—.. —.. —,.
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The results of the force tests ere shown in figure 4 h the
form of conventional lift, drag, and pitching—moment curves. The
results of the pressuredistribtiion measurements are shown in
figure 5.

To determine whether or not the pressure+listribution measun+
ments accurately showed sillforces acting on the wing, the pressures
were mechanically titegrated to obtain the total values of lift,
drag,1 and pitch~+mment coefficients. The values thus obta~d
aqe shown in figure 4 for comparison with the force data. As can be
seen, good agreement was obtained and hence it was concluded that
the pressure distributions accurately showed the forces acting on
the wing.

The boundary-leyer measurements consisted of total-head surveys
over the wing at various angles of attack. Calibrations of the
rakes had indicated that no measurable errors in the total head
were iucurred until.a flow angle greater than 15° was experienced.
Therefore, h surveying the boun&ry layers, data were obtained ody
at flow angles less than 15°. When fluw angles greater than this
were encountered the rakes were realined with the flow.

The results of the boundary-layer measurements are shown in
figure 6. The boumdary-leyer thicknesses shown me the heimts
above
total

the surface of the wing at which the free-stream val~ of
head was obtained regardless of the direction of flow.

DISCUSSION?

The major hfluence of separation on the characteristics of
swept wings is typified by the longitudinal characteristics of the
swept-forward wing which are shown in figure 4. At a moderate angle
of attack (starting at about 10°), drag began to rise rapidly end
the pitching moments abrupt~ became more negative (the aerodynamic
center shifted aft to 43 percent of the man aerodynamic chord). At
a higher angle of attack (starting at about 15°), drag began to rise
even more rapidly, the slope of the lifi curve begsm to decrease~
and pitching moments suddenly became positive. (The aero@namic

‘Skin-friction drag, naturally, was not indicated by the pressure-
distribution measurements. Therefore, to obtain the total-drag
coefficients sh~ h t@ figure tk ~- profile-&ag
coefficient obtained by the force tests was added to the drag
coefficients obtained by integrat~ the pressure distributions.

I .——-——---.—.y -.——.......———————....—..-———.—.——.—.. .



center shifted forwsrd to 5 percent of the mesn aerodynamic chord
forward of the leading edge.) 5ese irregulmities, typical of
swept-wing characteristics,have genersJ3y been attributed to the
effects of separation. More exact information of the effects of
separation is required, however, to intelligently approach the
problems of improving the unsatisfactory characteristicsof swept
wings operating b the moderate- and hig&lift range. In the
following sections, pressure distributions, tuft studies and

6boundary-layer measurements that were obtained on the 45 ewept-
forward wimg sre used to more pr~cisely define the interrelations
between separation phenomena and the longitudinal chsracteris%ics
of the wing. For convenience, the characteristics in the moderate-
lifi range and the characteristics in the high-lift range we
considered separately.

The Moderate+Xft Remge

The effects of separationwere first evidenced at a lift
coefficient of about 0.55 corresponding to an angle of attack of
about 10°. Ilragbegan to rise rapidly while pitching mammts became
abruptly more negative. The reason for the change im the force
characteristicscan b6 seen in the pressure distributions over the
stresnwise section at 20.9~rcent semispan, sunmarized in the
following diagram:
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These pressure distributions sre typicel of those obtained o%r the
inboard 41.7 percent of the wing. Up to about 9.4° sngle of attack,
normal pressure distributions were obtained. At 12.5°, however,
yressures failed to recover over the rear portion of the section even
though the rate of gowth of the forward pressmes was little affected.2
This change in the pressure distributions caued little c-e ~ the .
section lift cmves I.mtshifted the center of pressure of the sections .

reerward. The shift of center of ~ressure can he seen in figure 7 in
which are shown section lift and center-of+resswe curves obtained by
mechamdcal.lyintegrating the pressure distributions. The resrward
shift of center of pressure occurred at about 10° over the section’at
20.9-percent semispsn. As angle of attack was increased, sections
further outboard exhibited this movement until at about 160, sections
out to 41.7-percent semispan were so affected. This chordwise redistri–
bution of load caused the negative trend in the wing pitch@+mxnent
curve between 10° and 16° @e of attack.

The previously mentioned change in the pressure distribution is
comparable to changes that occur h pressure distributions over two-
dimensional airfoils during the initial stages of turbulent boundary-
layer separation. In the two-dimensional case, the failure of the
pressures to recover is associated with the formation of a large
wake, h effect, an abnormally thick boundary layer following the
reversal of flow over the rear portion of airfoil. In the case of
the swept-forwardwing, however, no reversal.of flow was indicated.

An understeding of the phenomena that caused the change in
the pressure distributions at about 12.5° angle of attack can be
obtained by following the reasoning in reference 2. Separation was
taken to mean that the fluid h the boundary layer had lost the
component of momentum that carried it across tlm surface in a direction
perpendicular to the long axis of the wing. Therefore, when separa–
tion occurs *overan oblique wing it was reasoned that the boundary
layer would flow in a direction psrallel to the long sxis of the
wing and on this basis would not necessarily be expected to be
accompanied by a reversal of the boundary-layer flow. In this
respect, separation over an oblique wing would differ from separa-
tion over a two-dhensionel section. A rapid increase in boundary–
layer thickness would, however, be expected dua to the conibinedeffects
of chordwise and spanwise flow. In this res~ct, separation over an
oblique wing would be similar’to separation over a two-dimensional
section. Boundsry-layer measurements substantiated the above

2Since pressure distributionswere not obtained between 9.4° and
1.2.50-angleof attack, t’hisclumge in the pressure distributions
could have occurred at any point between those two angles.

.. —..—..—.—.. . . . ._ —---—- -..—.- —---- .—. -_.—_ ._ .. .._. __ . . _________ __ ---- _



8 NAC?A~ NO. 1797

reasoning. h figure 6, it can be seen that over the streamwise
section at 20.9~rcent semispsn the boundary layer thickened rapidly
at 12.50 angle of attack. This is the angle of attack at which the

‘ pressures.first failedto recover and at which tufts began to oscil-
late but did not reverse dtrection. Furthermore, the portion of the
chord over which the hundary layer thickened was the sssueas that

- over which the pressures failed to recover.

The effects of separation of the turbulent boundary layer were
exblencedboth in thickened boundary layers and in a failure of
pressures to recover over the.rear portion of the sections even
though reversal of flow did not occur. Thus it apparently is a form
of turbulent separation that.caused the initial increase in drag and
the rearward shift of aerodynamic center.

Hig.h+ift Ran.gs

Above 16.6° angle of attack, the force tests showed that the
negative trend of pitching moments was rapidl.y.andcompletely
reversed, with the result that markd longitudinal instabilitywas
indicated. This was accompaniedby greatly increased drag and a
gradual decrease in lift-curve slope. Corresponding changes that
took place b the pressure distrfiutions over the stresmwise section
at 20.9=percent semispan cem be seen in the following diagram:

-m h af 146” & peak=slo

1’

Pat166”oipeak -64

-60 Gbordwisepressuredistributions
of 20.9% semisponStofion. .

OJ2345B .7.8 .9L0
Ckudwise Stofion,Wc
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TheGe pressure distributions are typical of
higher angles of attack over all except the
wing. It wi12 be observed that above 16.6°

those obtained at the
tip sections of the
the suction pressures

over the lead- edge began to decrease. This caused a loss of lift
over the section when the angle of attack was further increased.
This loss of lift occurred first over the inboard sections and, as
angle of attack was further ticreased, occurred over sections
farther outboard. For example (fig. 7), loss-of lift occurred at
the 20.9~ercent semispsa section at about 16.6° angle of attack,
had progressed out to 41.7~ercent semispan at 20° angle of attacks
and did not occur at &%percent semispan until about 30° emgle of
attack. The loss of lift over the Wboard sections caused a change
in the spanwise loading in which the spanwise center of load was
shifted outward. The outward movement of the center of load, due
to the forward sweep of the wing, caused positive pitching moments.
As a resUlt the aerodynamic center moved forward to 5 percent of the
me= aerodynamic chord forward of the leading edge.

The loss of the leading-edge suction peak evidently is the
result of a permanent separation o“fthe laminar boundary lsyer at
the airfoil nose with no subsequent reattachment. It is apparently
largely independent of the turbulent separation that occurs over the
resr portion of the airfoil. This is evidencedby its sudden appear-
.mce and its rapid spread beyond the area dfected by turbulent
separation. The boundary-layer measurements were not sufficiently
detailed to completely verify the foregoing inferences. Ths evidence
strongly indicates, however, that the greatly increased drag, the
decreased lif+surve slope, and the forward shift of aerodynamic
center were caused primarily by a leading~dge t~ of separation.

The section lift characteristics (fig. 7) show the influence of
the spanwise boundary-layer drain over the Swept-forwardwing. The
maximum lift coefficients of sections perpendicular to the quertefi
chord line varied from 1.01 at 28.l~rcent semispan to 1.5 at
71.J+percent semispan. Two-dimensional data for the airfoil section
used (NACA @All# perpendicular to the quarter-chord line) show that
a maxhum liftcoefficient of 1.5 is attainable in a compaz%ble rauge
of Reynolds number. In compsring two-dimensional and three+limensional
values, however, account must be taken of the effects of wing sweep.
If the lift coefficients shown h figure 7 had been based on the
velocity component perpendicular to the leading edge in accordance
with the concepts of simple sweep theory (reference 3), section
meximum lift would vary from 2.02 at 28.l=percent semispan to 3.0 at
71.&percent semispan. On this basis, the sections attained consid-
erably higher mimum lift coefficients than are attainable in two-
dimensional flow. J?Yomthis it can be concluded that insofar as

)
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10 NACA ~ NO. 1797

maximum lift Is concerned boundary-leyer effects resulting from wing
sweep are not d.etrinental.It must be noted that the application of
simple sweep theory in the above manner is not intended as a precise
correction,but is used only to enable an approximate comparison
between two-dimensional and Ihree-dimensionalvalues.

Alleviation of Separatim Effects

The problems involved in alleviattng the poor characteristics
of the swept-forward~ exe evident from the foregoing discussion.
These consist of a postponement of turbulent separation h the
moderate lift rsnge and a postponement of leading-edge separation in
the high+lift range. Both postponements, of course, should be to an
@ of attack at least as high as the maximum that can be encoun-
tered h flight. Beyond the flight range of angle of attack the
stall progression must be such that no longitudinal inshibil.ity
results, since instabilitywould possib~ curtail the usable lift
range.

Of the two types of separation encountered, effort should ftrst
be directed toward del.a@ng leading-edge separation. There sre
several reasons for this. Zhe rsaga over which leading-edge separa-
tion must be delayed is fairly smsll, from 16° to somewhere in the
neighborhood of, say, 20° (a possible maximum ground angle). Hence,
simple mechanical.nose modifications, such as a plaln leading~dge
flap or a I&uger flap, should provide a@quate control. Furthermore~
any beneficial changes in leading+dge flow will be reflected as
beneficial chaqes iu trailing+dge flow and consequently delays in
turbulent separation should result. On the other hand, the influence
of trailing+dge flow on leading-dge separation is uncertain, and
any beneftts obtained by attempting to contiol turbulent sepm?ation
first might soon be overshadowedby the detrimental.effects of
leading-edge separation.

Application to General Case of Swept Wings

The present investigationwas concerned primarily with a par-
ticular configuration of a swept+forwardying. Huwevm, if reason-
able consideration is given to the effects of physical Changesj
certain hferences can be drawn as to the behavior of other swept
wings whether swept forwerd or swept back. The effeets of sep-tion ~
and section stall on the characteristics of swept+ack wings should
be quite similsr to ths corresponding effects on the swept-forward
wing. For a swept+ack wing with like airfoil sections the first

.
s

!
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. occurrence of separationmight be expected to be turbulent separation
over the outboard area. Again the center of pressure of the sections
affected wouldbe shifted aft resulting in more negative pitching
moments. Turbulent separationwould againbe expected to be folJowed
by leading~dge separation. imss of lift due to leading+dge sepa–
ration will occur first at the outboard area and, as angle of attack
is further increased,will occur over sections farther inboard.
Thus, loss of section lift will travel forward relative to the
moment center and a tendency toward longitudinal instabilitywill
result. On this basis, cd.leviationof the poor characteristicsof
swept+ack wings canbe approached along the same line as previously
described for the swept-forwardwing.

.

COIW12JDIITG REMARKS

Tests made on a 45° swept-forwardwing showed the flow conditions
underlying the poor longitudinal characteristics of the wing tithe
moderate- aud hig&lift range.

Inths moderate-lift range (~ = 0.5 to 0.7), the occurrence of
turbulent separation caused a chordwise redistribution of load over
the ~oard sections. This caused increases in drag and a rearwerd
shift of the aero@uemic center (from ().26Fto 0.436) but caused no
loss of lift.

In the high-lift range (~ = 0.7 to 1.04), the occurrence of
of leading~dge separation caused a loss of section lift that
occurred first over the iriboardsections and traveled outward as
angle of attack was increased. This caused very large increases in
drag, a decreased lift+xrve slope, and, due to the changes in spal&
wise loading, caused an extremely large forward shift of aerodynamic
center (fkom 0.h3Fto 0.05F forward of the leading edge).

In order to improve the longitudinal characteristicsof the
swept-forwardwing, both forms of separation must be postponed. The
evidence indicates that effort should be directed first toward post-
P* leading*dge separation. Only after leading+dge separation
is adequately postponed should control of the turbulent boundary
layer be attempted.

Ames Aeronautical.Laboratory,
I?ationalAdvisory Committee for Aeronautics,

Moffett Field, Calif.
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TKELEI

0RDIEA!CESOFEM2A 64Kt.Ma=o.8(MOD-) AIR3U~ SEK!XION
[Statim - ordinates @* in yercent of afrfoil chord]

Upper Sizrface L- Surface

station Ordinate %ation Ordinate

o 0 0 0
.454 .988 .988 -.932
.699 1.197 .801 -1.117

1.192 1.523 L 308 -1.403
2.433 2,x23 2.567 -1.911
k.g2& ;.%; ~ .076 -2,607
7.421 7.579 3F~
9,921 4:136 10,079 -3.540
14P924 L969 15.076 Jt.189
19.931 p: 20,069 A667
2&pgk0 25.060 +.008
29.950 6:383 30.050 j .235
3L961 6.577 35.039 + .333
39●973 6.632 40.027 + ,354
44.985 6.720 45.015 +.206
44.gg7 6.270 50.003 4.940
55.007 5.907 54,993 4.581
60.017 5.452
65.025 4.g16

gp$ .-4.150
-3.662

70.032 ;.g 69:968 -3.130
D .038 74.962 +,578
80.ok5 2;967 79.955 -2.033
@.ou 2.242 84.956 -1.520
90.031 1.508 89.969 -I.018
95.016 .767 94.984 -.5=
100.000 0. 100.000 0

L.E. radius: 0.994
Slope of radius through L.E.; o.04~

— -—— .... , . _____ . .. __________ .-,T____
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TABLE II

K)CATION OF PRESSURE ORllY!lCES

Chordwise Positions of Orifices
(on Upper and Lower Surfaces

at Each

Spanwise Positional
of Orifices

Station No. Percent SemiSpan
1

1

2

3
4
5
6
7
8

20.9
28.1
41.7
57.4
71.4
85.0
92.5
96.2

%panwise positions are measured
symmetry.

Orifice No.

o
1

2

i

5
6
7

;
10
u
X2
13
14
15
16
17
18

,tationa)

Percent Chord

o
.25
.50
1.0
1.5
2.5

R
7.5
10.0
20.0
30.0
40.0
50.0
6Q.O
70.0
80.0
90.0
97*5

=%=

perpetiic- to the plane of

2Chordwise positions are measured in percent of the windstresm
chord.

‘On station 8Y orifices no. 1, 2} 3> 4, 6, 8, n, 13, 15, 17, and
18 were omitted.

.
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I

.

Figure 3.–A typical rake used to survey boundary layers over 45° swept-
, forward W*.
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Unflqged symbols indicate
upper surfuce.

Ragged symbols indicm’e

1

lower surface.

*anwise

statim,2Y/b
209%

/%

Fiqre
for

Chordwise‘sfotion,w
.

(&&a”

5–Chorvkise pressuredstriifw’iom
45° swept-hm@ Wg.

.

.
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